Chimeras of GIRK1 and IRK1, a G protein-insensitive inward rectifier, are activated by coexpression of G~ if they contain either the N-terminal or part of the C-terminal hydrophilic domain of GIRK1. The N-terminal domain of GIRK1 also facilitates the fast rates of activation and deactivation following m2 muscarinic receptor stimulation. The hydrophobic core of GIRK1 (M1-H5-M2) is important for determining the brief single-channel open times typical of GIRK1 but not important for determining Gpy sensitivity. Coexpression with CIR revealed that the gating properties associated with different GIRK1 domains could not have arisen from altered ability to form heteromultimers. These results implicate specific regions of GIRK1 in G protein activation and suggest that GIRK1 may be closely linked to the m2 muscarinic receptor-G protein complex.
Introduction
Neurotransmitters such as dopamine, opioids, somatostatin, acetylcholine, serotonin, adenosine, and y-aminobutyric acid type B (GABAB) exert their inhibitory actions, in part, by activating inwardly rectifying K ÷ channels (for reviews, see North, 1989; Nicoll et al., 1990; Hille, 1992) . These channels permit K + ion flux at membrane potentials near the cell's resting membrane potential but not at more depolarized potentials, thereby decreasing membrane excitability. Inward rectifiers that are activated via G proteincoupled neurotransmitter receptors have been found in many different neurons, including those in the hippocampus (G&hwiler and Brown, 1985; Andrade et al., 1986; Colino and Halliwell, 1987; Trussell and Jackson, 1987 ; VanDongen et al., 1988; Wakamori et al., 1993) , dorsal raphe (Williams et al., 1988) , substantia nigra (Lacey et al., 1988) , locus coeruleus (North et al., 1987; Inoue et al., 1988; Miyake et al., 1989; Velimorivic et al., 1995) , nucleus basalis Farkas et al., 1994; Takano et al., 1995) , and submucous plexus (North et al., 1987; Tatsumi et al., 1990) . Similar to G protein-activated inward rectifiers in the heart (see below), some of these channels have been shown to be activated by G proteins through a process that does not require diffusible cytoplasmic second messengers (VanDongen et al., 1988) . *These authors contributed equally to this work.
Cardiac muscle contains a G protein-activated inward rectifier, known as the muscarinic K + channel (IKcAChl), which iS involved in cholinergic regulation of the heart beat (Loewi, 1921; Harris and Hutter, 1956; Trautwein and Dudel, 1958) . Following stimulation of the muscarinic receptor, I K~ACh~ is activated through a membrane-delimited process that requires a pertussis toxin-sensitive G protein (Breitwieser and Szabo, 1985; Pfaffinger et al., 1985; Kurachi et al., 1986) but no diffusible cytoplasmic second messengers (Soejima and Noma, 1984) . Receptor activation stimulates the exchange of GTP for the GDP that is associated with G~ of the trimeric G protein, leading to dissociation of Ga-GTP and G~y (for review, see Gilman, 1987; Bourne et al., 1990; Simon et al., 1991) . Both Ga-GTP and Gl~y subunits have been reported to activate IK(ACh) (Codina et al., 1987; Logothetis et al., 1987 Logothetis et al., , 1988 Cerbai et al., 1988; Kirsch et al., 1988; Yatani et al., 1988) ; however, more recent experiments indicate that G~y subunits mediate the activation by muscarinic receptor stimulation (Ito et al., 1992; Yamada et al., 1993 Yamada et al., , 1994 Wickman et al., 1994; Nair et al., 1995) . Surprisingly, IK{ACh> is activated by different recombinant G~x subunits with less than 10-fold difference in sensitivity (Wickman et al., 1994) , indicating that any G protein-coupled receptor could theoretically activate IK(ACh). In atrial myocytes, however, ]K(ACh ) iS activated by G,-coupled but not Gs-coupled receptors (Pfaffinger et al., 1985; Hille, 1992) . The mechanisms for ensuring specific activation of IK~AC,} by G~-coupled receptors are not yet fully understood.
Another hallmark feature of G protein-gated inward rectifiers in the brain and heart is the rapid rate of activation and deactivation following receptor stimulation (Hartzell, 1980; Osterrieder et al., 1980; Nargeot et al., 1983; Breitwieser and Szabo, 1988) . Muscarinic stimulation begins to activate IKIACh) within 50 ms (Hartzell, 1980; Osterrieder et al., 1980; Nargeot et al., 1983) . If G protein subunits diffuse freely from the activated receptor to the channel, the rapid activation of IK(ACh~ necessitates that the m2 receptor, G protein, and channels are situated within 0.35 I~m of each other (Hille, 1992) . Following cholinergic stimulation, the channels deactivate at a rate that is faster than the rate of GTP hydrolysis measured for purified G,, in vitro, suggesting that the channel acts as a GTPaseaccelerating protein (GAP) (Breitwieser and Szabo, 1988) . Since I K~ACh~ is likely to be activated by G~y following stimulation of the muscarinic receptor, the rapid deactivation rate may require that activated G,-GTP subunits remain near the channel, so that the GTP hydrolysis rate of G~ can be accelerated, thereby permitting G,,-GDP to sequester GI~ from the channel and terminate channel activation.
The GIRK1 cDNA (also referred to as KGA; Dascal et al., 1993 ) encodes a G protein-activated inward rectifier (Dascal et al., 1993; Kubo et al., 1993b) and is found in both brain and cardiac tissues (Dascal et al., 1993; Kubo et al., 1993b; Ashford et al., 1994; DePaoli et al., 1994; Karschin et al., 1994; Kobayashi et al., 1995) . The expres-sion of GIRK1 in Xenopus laevis oocytes produces channels that display many properties similar to IK~AC,~, including coupling with the m2 muscarinic receptor, single-channel conductance, mean open times, G protein activation, inward rectification, and slow activation kinetics upon hyperpolarization (Dascal et al., 1993; Kubo et al., 1993b) . GIRK1 is now known to be a member of an expanding family of G protein-activated inward rectifiers (Lesage et al., 1994; Doupnik et al., 1995) and is capable of forming heteromultimers with GIRK2 (Duprat et al., 1995; Kofuji et al., 1995) , GIRK3 (Kofuji et al., 1995; but see Duprat et al., 1995) , and CIR (Krapivinsky et al., 1995 ; also referred to as KATP1 by Ashford et al., 1994, and GIRK4 by Duprat et al., 1995) in Xenopus oocytes. It has been proposed that the different heteromeric combination of subunits constitutes different native G protein-activated inward rectifiers found in the heart (Krapivinsky et al., 1995) and brain (Kofuji et al., 1995) , although the existence of functional homomeric channels in vivo has not been ruled out. The stoichiometry of the different subunits within a heteromeric channel is also not known. Indeed, the single-channel activity recorded from oocytes expressing GIRK1 plus GIRK2 can appear more like the channels from oocytes expressing GIRK1 in some experiments (Kofuji et al., 1995) but more like the channels from oocytes expressing GIRK2 in other experiments (Duprat et al., 1995) , suggesting that the channel properties may change depending on the stoichiometry of channel subunits.
The expression of only GIRK1 in Xenopus oocytes consistently produces channels (referred to as GIRK1 channels) that are similar to IK<ACm. These channels have been used successfully to investigate the molecular mechanism underlying G protein activation. Reuveny et al. (1994) reported that coexpression of G~y subunits with GIRK1 leads to consitutively activated channels that no longer depend on intracellular GTP but can be inhibited by G~-binding proteins, indicating that GIRK1 channels are activated by G~. A similar conclusion was reached by Lim et al. (1995) , who showed that I~-adrenergic receptors coupled to Gs, subunits could activate GIRK1 when expressed ectopically in oocytes. Mutagenesis studies on GIRK1 have implicated the C-terminal domain of GIRK1 in G~y activation of the channel (Reuveny et al., 1994; Takao et al., 1994; Dascal et al., 1995) . Consistent with this, Huang et al. (1995;  this issue of Neuron) have found that purified G~.~ subunits bind directly to the C-terminal domain of GIRK1 and that a synthetic peptide corresponding to part of the C-terminal G,~-binding domain interferes with both the binding and the channel activation by G~.~ subunits. In addition to the C-terminal domain, the N-terminal domain of GIRK1 may also play a role in G~y activation of GIRK1; purified G~.~ subunits bind to the N-terminal domain of GIRK1, and a synthetic peptide derived from this region inhibits the binding and the channel activation by G~,~ subunits (Huang et al., 1995) . Th us, both the N-and C-terminal domains of GIRK1 appear to be important in mediating channel activation by G~y subunits.
To learn more about the molecular mechanism of G protein gating of the GIRK1 channel, we have constructed chimeras of GIRK1 and IRK1, a G protein-insensitive inward rectifier (Kubo et al., 1993a) , and examined the G~y sensitivity, the coupling with muscarinic receptor, the rates of channel activation and deactivation, and the singlechannel kinetics of the chimeras. We also investigated whether the receptor-activated current was enhanced by coexpression of the chimeras with CIR and determined that the properties ascribed to the different GIRK1 domains did not result from the loss of the ability of chimeras to coassemble with CIR-like subunits. Our results show that either the N-terminal or part of the C-terminal domain of GIRK1 confers some G~y activation to the chimera; the hydrophobic core (MI-H5-M2) of GIRK1 underlies the single-channel open times independently of G protein gating; and the N-terminal domain of GIRK1 facilitates the fast activation and deactivation following receptor stimulation.
Results

Either the N-or the C-Terminal Domain of GIRK1 Confers Gpy Sensitivity
We found previously that coexpression of GIRK1 with cRNA for G~ subunits induces an inwardly rectifying K ÷ current that results from GBy activation of GIRK1 channels (Reuveny et al., 1994) . We therefore examined the G,y sensitivity of GIRKI/IRK1 chimeras by coexpressing mutant channels with G~ subun its (Figure 1 ). These chimeras of IRK1 (I) and GIRK1 (G) are designated by specifying in parentheses the region of GIRK1 included in the chimera (see Figure 1 , legend). All of the chimeras displayed the strong inward rectification typical of both GIRK1 and IRK1, indicating that there were no gross alterations of channel structure. Chimera IG(NM), which contains the N-terminal hydrophilic domain and hydrophobic core region (M1-H5-M2) of GIRK1, but not chimera IG(M), which contains only the hydrophobic core region of GIRK1, showed increased current when coexpressed with G~y subunits (Figures 1B and 1C) . These results implicate the N-terminal domain of GIRK1 in conferring some G,~ sensitivity to the channel. Similarly, a chimera containing part of the GIRK1 C-terminal domain (amino acids 325-501) with or without the hydrophobic core of GIRK1 (IG(MC4) and IG(C4), respectively) showed larger currents in oocytes coexpressing G~y ( Figures 1B and 1C) , indicating that the C-terminal domain also confers G~ sensitivity to the channel. Chimera IG(MC3), which has 64 fewer residues from the C-terminal domain of GIRK1 than IG(MC4), showed no enhancement by coexpression with G,y subunits ( Figure  1C ), suggesting that this region of the GIRK1 C-terminal domain is required for the functional activation by G~ via the C-terminus. Thus, either the N-or the C-terminal domain of GIRK1 can independently confer some G~y sensitivity to the chimera.
Chimeras IG(M), IG(MC3), and IG(MC4) all displayed large basal currents ( Figure 1C) . Adding the N-terminal domain of GIRK1 to these chimeras (IG(NM), IG(NMC3), and IG(NMC4)) appeared to reduce the basal current to a level similar to that of GIRK1 ( Figure 1C ), suggesting that the N-terminal domain or a combination of the N-terminal domain and the hydrophobic core of GIRK1 is involved in regulating the size of the basal current. Functional expression of chimeras is also indicated (+ and -). G~, sensitivity was examined by expressing cRNA for channel with (+Gn.,) or without (basal) cRNA for G~., subunits.
(8) Series of current traces elicited by voltage pulses from +50 to -100 mV (10 mV increments) in high external K" solution. The small outward current indicates strong inward rectification (solid line indicates zero current level).
A holding potential of -80 mV was used to inactivate endogenous inward current. Like IRK1, current through chimera IG(M) or IG(C3) was the same with or without coexpression of G=~. By contrast, IG(NM), IG(MC4), IG(NMC4), and A2-31 displayed significantly less current in oocytes not injected with cRNA for G=~, subunits (basal) than in oocytes coexpressing G6~ subunits (+G~), analogous to the G~ activation of GIRK1. Scale bar is 400 ms for all channels except IRK1 and IG(M) (130 ms), and 1 txA for all channels except IRK1 and IG(MC4) (1.3 pA).
(C) Bar graph showing the average ( _+ SEM) basal and G~-stim ulated currents measured at -100 mV after adjusting for leakage current. Asterisk indicates statistically significant difference (+G~. versus basal, p < .05) as determined by unpaired Student's t test. There was no significant induction of inwardly rectifying current in oocytes expressing only GI~ subunits (data not shown). Data shown are pooled from multiple batches of oocytes expressing similar levels of current. Number in parentheses below the bar graph indicates sample size for each combination of channel and G~ cRNA injected into the oocyte.
Functional Coupling with the m2
Muscarinic Receptor
To test whether chimeras that are stimulated by coexpression with G~.~ subunits can functionally couple with the muscarinic receptor, we coexpressed the m2 muscarinic receptor with these chimeras. Figures 2A-2F show a series of current-voltage relations measured from currents recorded in the absence (agonist-independent basal) and then in the presence of the cholinergic agonist carbachol (+3 IxM carb). Although chimeras IG(MC4) and IG(C4) both showed G~.~ sensitivity (see Figure 1 ), application of carbachol induced an inwardly rectifying current in oocytes expressing IG(MC4) but not IG(C4) ( Figures 2C and 2D ). Thus, the hydrophobic M1-H5-M2 region of GIRK1 appears to be involved in allowing coupling of the channel with the receptor (see Discussion). Chimera IG(M) yielded either no detectable or a small increase in current upon carbachol stimulation. When there was a carbachol-induced current (Figures 2B and 2G) , it was very small relative to the agonist-independent basal current (Figures 2B and 2H) . Combining the Nterminal domain and hydrophobic core of GIRK1 (IG(NM)) reduced the basal current, resulting in a ratio of carbacholinduced to basal current comparable to that of IG(MC4) and larger than that of IG(M) ( Figure 2H ). Thus, similar to the results obtained by coexpression with G~y subunits, channel activation can occur through either the C-terminal or, to a lesser extent, the N-terminal domain of GIRK1 following receptor stimulation, though the hydrophobic core of GIRK1 appears to be required for coupling the channel with the receptor.
Coexpression of Chimeras
with ClR The coexpression of CIR and GIRK1 with the m2 muscarinic receptor led to much larger carbachol-stimulated currents ( Figure 3A ) than when either GIRK1 or CIR was expressed alone with the m2 receptor ( Figure 3C ), indicating that these channels form heteromultimers (see Krapivinsky et al., 1995) . Unlike oocytes injected with cRNA for GIRK1 but not CIR (see Figures 1 and 3) , however, the combination of GIRK1 and CIR resulted in a large agonistindependent basal current and a reduced ratio of carbachol-induced current to agonist-independent basal current (2.2 _.+ 0.4 for GIRKI/CIR [n = 4] versus 5.5 -.+ 0.8 for GIRK1 [n = 27]). We found that injecting less CIR cRNA still enhanced the carbachol-induced current but did not A GIRK1 significantly increase the agonist-independent basal current (6.8 + 0.7; Figures 3B and 3C ). This variability in the ratio of the carbachol-induced current and the agonistindependent basal current suggested that the channel composition may vary with the amount of CIR injected into the oocytes. To optimize the currents evoked by receptor stimulation, we coexpressed m2 receptor, chimeras, and a low level of CIR cRNA (-1 ng) and examined both the basal current and the carbachol-induced current. Figure 3B ) as well as the carbachol-induced current ( Figure 3C ) to a level that was greater than the sum of the current in oocytes injected with CIR alone and the current in oocytes injected with chimera alone (Figures 3B and  3C ). This suggests that these chimeras retain the ability to form heteromultimers with CIR, as does GIRKI. Chimera IG(C4), by contrast, showed less agonist-independent (B and C) Average agonist-independent basal (B) and carbachol-induced (C) currents recorded at -80 mV from oocytes expressing GIRK1 or chimeras without CIR (open bars), with -1 ng CIR (closed bars), or with -8 ng CIR (hatched bars). All chimeras tested except for IG(C4) displayed larger agonist-independent basal and carbachol-induced currents when coexpreesed with CIR (-1 ng) (n = 4-34; asterisk indicates p < .05 by unpaired Student's t test). The ratio of carbachol-induced current to agonist-independent basal current was 5.5 -+ 0.8 for GIRK1 alone (6 ng), 6.8 ---0.7 for GIRK1 and -1 ng of CIR, and 2.2 4-0.4 for GIRK1 and -8 ng of C IR (concentration of CIR reported by Krapivinsky et al., 1995) . Figure 2G ). Membrane potential was -80 mV. The rates of activation and deactivation are slower for chimera tG(MC4) lacking the N-terminal domain of GIRK1. (B) Bar graph showing the average time taken for the current to reach 50% of the peak current induced by carbachol (n = 9-26). (C) Bar graph showing the average time taken for the current to decrease to 50% of the current remaining at the end of exposure to carbachol (n = 8-24). The activation (16.3 __. 1.3 s; n = 15) and deactivation (29.8 _+ 2.4 s; n = 9) rates for IG(M) measured in those oooytes in which a small carbacbol-induced current was observed are not plotted because of the large variability; no detectable carbacholinduced currents for IG(M) were found in other oocytes. Asterisk indicates statistical difference from GIRK1 (p < .05 by ANOVA followed by Dunn's test on ranks). Currents sampled at 3.3-11 Hz and low pass filtered at 0.5 kHz. IG(NM) current was digitally smoothed for clarity.
Coexpression of CIR with chimera IG(NM), IG(MC4), or IG(NMC4) enhanced the agonist-independent basal current (
basal current when coexpressed with CIR and little or no activation following receptor stimulation ( Figures 3B and  3C) . Thus, chimera IG(C4) appears to be incapable of functional coupling with the m2 muscarinic receptor, with or without the coexpression of CIR (see Discussion). Coexpression of CIR with IG(M) increased the agonist-independent basal current and resulted in a significant carbachol-induced current ( Figures 3B and 3C ). Because IG (M) showed no G~ sensitivity and little or no receptor activation when expressed without CIR (see Figures 1 and 2) , it seems likely that the G protein activation of heteromultimers of IG(M) and CIR was mediated by the CIR subunit (see Discussion).
In summary, coexpression of CIR with chimeras that contain the hydrophobic core and part of the C-terminal Table 1 . Currents were sampled at 5.6 kHz and low pass filtered at 1 kHz. domain of GIRK1 or, to a lesser extent, the N-terminal domain enhanced agonist-independent basal and carbachol-induced currents ( Figures 3B and 3C) , indicating that the ability to coassemble with CIR was not altered in these chimeras.
Involvement of the N-Terminal Domain of GIRK1 in Fast Receptor Activation
Cardiac IKIAOh~ channels open quickly during muscarinic stimulation and close rapidly following removal of cholinergic agonist (Hartzell, 1980; Osterrieder et al., 1980; Nargeot et al., 1983; Breitwieser and Szabo, 1988) , suggesting that the channel and the receptor-G protein complex are intimately associated (Hille, 1992) . We therefore examined the time course for activation and deactivation of inward current through chimeras to see whether regions of the GIRK1 channel might be important for the interaction with the G protein-coupled muscarinic receptor.
The rate of channel activation following m2 receptor stimulation by carbachol was examined by measuring the time taken for the current to increase to half the amplitude of peak current (ty2 aot) at a constant membrane potential of Summary of single-channel properties for GIRK1 plus G~,, IRK1, IG(M), and IG(C4) recorded from cell-attached patches with high K2SO, in the bath (to zero the cell's resting membrane potential) and high K2SO4 in the pipette. Only patches containing one channel (i.e., no superimposed channel openings during 3-15 min of recording) were used for analysis. Values are mean ± SD. The conductance was determined by measuring the single-channel current at -60 mV and extrapolating a linear conductance to 0 mV. The Po was measured in idealized traces by calculating the fraction of time the channel was open. Similar resutls were obtained by fitting amplutide histograms. Because the number of channels for GIRK1 could be one or more due to the low open channel probability, the Po for GIRK1 is likely an upper estimate.
-80 mV (Figure 4) . Although not as fast as IK(ACh) (Hartzell, 1980; Osterrieder et al., 1980; Nargeot et al., 1983) , GIRK1 channels activated rapidly with a t,/,-aot of 4.8 __+ 0.4 s (n = 26), similar to previously reported values (Lim et al., 1995) . Whereas IG(NM) and IG(NMC4) resembled GIRK1 in the rapid rate of activation following m2 receptor stimulation ( Figures 4A and 4B) , IG(MC4) showed a -6-fold slower rate of activation (Figure 4) . Thus, the N-terminal domain of GIRK1 appears to be important in facilitating the fast rate of activation.
Deactivation of GIRK1 occurred with a t,/=-~eact of 10.3 -0.4 s (n = 24), whereas IG(MC4) exhibited a -3.5-fold reduction in the rate of deactivation ( Figures 4A and 4C ). Like GIRK1, chimeras IG(NM) and IG(NMC4) deactivated rapidly ( Figures 4A and 4C) . Thus, both activation and deactivation rates are faster in chimeras that contain the N-terminal domain of GIRKI. Since a deletion mutant of GIRK1 lacking the first 30 amino acids (A2-31) showed rapid activation and deactivation by carbachol ( Figures  4A-4C) , the remaining -50 residues in the R-terminal domain may harbor the structural elements necessary for the fast activation and deactivation. Larger deletions of the N-terminal domain (A2-47 and A2-57) did not yield functional channels.
Dissociation of G Protein Gating and Open Times
The single-channel activity of IG(M) resembled that of GIRK1, even though IG(M) showed no enhancement by coexpression with G~y subunits (see Figure 1) and little or no increase in current upon m2 receptor stimulation, despite the large agonist-independent basal current (see Figure 2 ). Figure 5 shows examples of single-channel activity recorded from oocytes expressing GIRK1 or chimeras. The distribution of GIRK1 open times was well fitted by two exponentials having time constants of -1 ms and -5 ms ( Figure 5 ; Table 1 ). The open times measured for chimera IG(M) were indistinguishable from those of GIRK1 ( Figure 5D ; Table 1) , though the open channel probability of IG(M) appeared to be higher than that for GIRK1, which was activated by coexpression with G~y subunits (-16% versus <6%; see Table 1 ). Thus, the hydrophobic core of GIRK1 transferred the single-channel kinetics typical of GIRK1 to IRK1 without endowing the chimera with G~ sensitivity (see Figures 1 and 2 ). By contrast, the G~y-sensitive chimera IG(C4) displayed long openings similar to those of IRK1 (see Figures 4B and 4C ; Table 1 ). Therefore, the brief channel open times of GIRK1 are dependent on the presence of the GIRK1 hydrophobic core region but not on G~ activation.
Although the single-channel open times of IG(M) resembled that of GIRK1, the single-channel conductance of IG(M) (-25 pS) was more similar to that of IRK1 (-22 pS) (see Table 1 ). Taglialatela et al. (1994) also reported that a chimera containing the hydrophobic core of ROMK1 and hydrophilic domains of IRK1 displayed a conductance (-24 pS) that was more similar to that of IRK1 than to that of ROMK1 (-31 pS). Interestingly, the single-channel conductance of chimera IG(C4), -16 pS, was smaller than the conductance of either GIRK1 or IRK1 (Table 1) .
Discussion
By studying the G protein activation of chimeras composed of GIRK1 and IRK1, we have identified distinct domains of GIRK1 that are important in several aspects of G protein gating of the channel. First, either the N-terminal or part of the C-terminal domain of GIRK1 confers G~ sensitivity to the channel. Second, the hydrophobic core (M1-H5-M2) of GIRK1 harbors the gating mechanism for producing brief openings of the single channel. Third, part of the N-terminal domain of GIRK1 serves to couple the channel efficiently with the G protein and the muscarinic receptor, thereby enabling rapid rates of activation and deactivation following receptor stimulation. These findings, as well as the interactions of these chimeras with CIR, are discussed below.
Coassembly with ClR
Recently, it was reported that GIRK1 can form heteromultimers with CIR (Krapivinsky et al., 1995) as well as G IRK2 and GIRK3 (Duprat et al., 1995; Kofuji et al., 1995) in Xenopus oocytes. The coexpression of GIRK1 with GIRK2 or CIR leads to agonist-induced currents that are larger than the sum of currents from oocytes injected with either channel cRNA alone, suggesting that these subunits coassemble to form heteromeric channels (Duprat et al., 1995; Ko- , and the GIRK1 channel may form a local complex that is specified, in part, by the binding interaction of the G protein with the GIRK1 channel (this paper and Huang et al., 1995) . Because the channel is situated near the receptor-G protein complex, the channel is exposed to a high local concentration of "free" G~., subunits upon receptor stimulation, thereby enabling rapid activation of the channel. The interaction of the channel with the activated G,-GTP may accelerate the GTPase activity of the G~-GTP, promoting rapid deactivation at the end of receptor stimulation (Breitwieser and Szabo, 1988) . (B) A summary of the functional domains implicated in G protein activation of GIRKI. The hydrophobic domain (M1-H5-M2) of GIRK1 contains a gate governing the single-channel openings. The N-and C-terminal hydrophilic domains of GIRK1, on the other hand, contain regions important for the G,~ binding (Huang et al., 1995) and G~, activation (this paper) of the GIRK1 channel. The N-terminal domain of GIRK1 also facilitates the rapid activation following receptor stimulation (this paper) and binds the G,,~., heterotrimer (Huang et al., t995) . Krapivinsky et al., 1995) . In addition, Krapivinsky et al. (1995) also provided biochemical evidence for the coassembly of GIRK1 and CIR. Whether GIRK1, GIRK2, or CIR homomeric channels also exist in brain and cardiac tissues remains to be determined. In Xenopus oocytes, the coexpression of GIRK1 and CIR generates strongly rectifying K + channels that have singlechannel properties similar to those of channels recorded from oocytes expressing GIRK1 (Dascal et al., 1993; Kubo et al., 1993b; Krapivinsky et al., 1995) , indicating that either homomeric channels are indistinguishable from heteromeric channels or that oocytes contain an endogenous subunit that can associate with GIRK1 to form functional channels that are nearly identical to the GIR KI/CIR heteromultimers (Krapivinsky et al., 1995) . We have examined the ability of the chimeras to coassemble with CIR and found that the ability to interact with CIR is not altered in all the chimeras studied except for IG(C4). The agonist-independent basal and carbachol-induced currents of chimeras IG(NM), IG(MC4), and IG(NMC4) were each enhanced by coexpression with CIR, suggesting that these chimeras resemble GIRK1 in their ability to form heteromultimers. Whereas chimera IG(M) showed no enhancement of current by coexpression with G~ subunits and little carbachol-induced current, despite the large agonist-independent basal current, the coexpression of IG(M) with CIR resulted in consistent receptor activation of the channel. One explanation for this finding is that coexpression of CIR with IG(M) leads to a heteromeric channel in which CIR subunit(s) contribute to the activation by muscarinic receptor or G~y. Indeed, channels expressed in oocytes injected with CIR alone couple with the muscarinic receptor and are also activated by G~y subunits (this study; Duprat et al., 1995; Krapivinsky et al., 1995) . The small carbachol-induced current occasionally observed in oocytes expressing IG(M) without CIR could be due either to very weak receptor coupling and G~y activation of IG(M) homomeric channels or to the presence of heteromeric channels containing CIR-like subunits endogenous to the oocyte. If the channels expressed in oocytes injected with only IG(M) are a mixture of predominantly homomeric IG(M) channels and a small fraction of heteromeric channels composed of IG(M) and an endogenous subunit, it is conceivable that the homomeric channels generate the large basal current independently of G~ or agonist, whereas the heteromeric channels account for the variable occurrence of the small carbachol-induced current.
In contrast to chimera IG(M), coexpression of CIR with chimera IG(C4) not only reduced the agonist-independent basal current, compared with oocytes expressing IG(C4) alone, but also eliminated carbachol-induced current that was evident in oocytes expressing CIR alone (see Figure  3 ). This cannot be explained by a suppression of protein production due to saturation of the synthetic machinery caused by the injection of too much cRNA, because coinjection of cRNA for G~x subunits with cRNA for IG(C4) enhanced rather than reduced the currents. More likely, CIR and IG(C4) coassemble to form either channels with novel properties or nonfunctional channels at the expense of IG(C4) and CIR homomultimers. Thus, with or without CIR, chimera IG(C4) appears to be incapable of functionally coupling with the m2 muscarinic receptor.
Either the N-or the C-Terminal Domain of GIRK1 Can Sustain G,y Activation
The coexpression of G~ subunits with GIRK1 in Xenopus oocytes has previously been shown to increase GIRK1 activity via G~y activation of the channel (Reuveny et al., 1994) , leading to a constitutively activated channel (Reuveny et al., 1994; Lira et al., 1995) . Two different chimeras, one containing the N-terminal domain and hydrophobic core of GIRK1 (IG(NM)) and one containing a portion of the C-terminal domain of GIRK1 (IG(C4)), displayed increased currents when coexpressed with G~., subunits, suggesting that the G,y-responsive elements are contained within each of these two nonoverlapping regions of GIRK1.
Like GIRK1, chimera IG(NM) displayed a small basal current when expressed alone and a larger current when coexpressed with Gf~., subunits. IG(NM) also resembled GIRK1 in its rapid rates of activation and deactivation following m2 receptor stimulation. The N-terminal domain of chimera IG(NM) is probably the primary region involved in G=~, activation of the channel because the chimera IG(M), containing only the hydrophobic core of GIRK1, showed a large agonist-independent basal current and no enhancement by coexpression with G,., subunits. A direct demonstration that the N-terminal domain of GIRK1 is sufficient for G=,.~ activation was not possible because the chimera containing only the N-terminal domain of GIRK1 did not produce functional channels. It seems likely that the N-terminal domain of GIRK1 is responsible for G~.~ activation of IG(NM) because a fusion protein composed of only the GIRK1 N-terminal domain binds directly to purified Gr~-~ subunits (Huang et al., 1995) , though it remains possible that this G~,., interaction is enhanced by the presence of the GIRK1 hydrophobic domain.
The current through chimera IG(C4) was enhanced by coexpression with G=~t subunits, suggesting that the C-terminal domain of GIRK1 is sufficient for Gf~7 activation. However, chimera IG(C4) showed little or no activation following m2 receptor stimulation, with or without coexpression with CIR, indicating that IG(C4) is deficient in receptor coupling but not Gl~ sensitivity (see below). In addition, IG(C4) displayed a large agonist-independent current, probably resulting from the long channel openings observed in single-channel recordings. Based on our studies of chimeras (this paper) and deletion mutants (Reuveny et al., 1994) , the region of the GIRK1 C-terminal domain required for Gj,~ activation is likely to reside within a segment of 137 amino acids between His-325 and Pro-462. This region closely matches the G~,~-binding region of the GIRK1 C-terminal domain (Val-273 to Pro-462) defined biochemically (Huang et al., 1995) . Takao et al. (1994) reported that a chimera similar to IG(C4) but containing additional IRK1 C-terminal sequence is activated by m2 receptor stimulation and is further enhanced by coexpression with G=~y subunits. However, Pessia et al. (1995) reported that a chimera of BIR10 and GIRK1 C-terminal domain is not activated following receptor stimulation, similar to our observations. At present, we cannot explain the difference between the findings of Takao et al. (1994) and our results.
The two regions of GIRK1 implicated for G~.~ activation in this study correspond to the two G~.~-binding regions of GIRK1 defined biochemically (Huang et al., 1995) . The G~., sensitivity of chimeras containing either the N-or the C-terminal domain of GIRK1 is also consistent with the inhibition of GI,., binding as well as with G~y activation of GIRK1 channel activity by peptides derived from the Gj~.,-binding region of either the N-or the C-terminal domain (Huang et al., 1995) . This strong correlation between the physiological and biochemical experiments favors the idea that direct interaction of G~.~ with either the N-or the C-terminal hydrophilic domain of GIRK1 is sufficient for channel activation by G~y ( Figure 6 ). As GIRK1 can form heteromultimers with other GIRK subunits, future experiments are needed to assess the contribution from other subunits to G~.~ activation.
Dissociation of G Protein Gating from Channel Open Times
Following G protein activation, IK(ACh) channels open briefly in short bursts with a mean open time of -1 ms (Sakmann et al., 1983; Soejima and Noma, 1984; Kurachi et al., 1986; Logothetis et al., 1987; VanDongen et al., 1988; Clark et al., 1990; Takano et al., 1995) . The channels recorded from oocytes expressing GIRK! or oocytes expressing GIRK1 plus ClR (data not shown) clearly exhibit two mean open times (-1 and -5 ms). Although not generally reported, I K~ACh~ and other G protein-gated inward rectifiers may also display a second, but less frequent, open time of -5 ms. Nonetheless, the brief channel openings typical of GIRK1 appear to be governed by a structural gate in the hydrophobic domains M1-H5-M2 of GIRK1 because IG(M) exhibits similar brief channel openings. In contrast to GIRK1, however, chimera IG(M) showed a large agonistindependent basal current, no enhancement by coexpression with G~ subunits, and little or no activation following muscarinic stimulation (see above). The lack of G~y sensitivity of IG(M) suggests that the G protein gate can be dissociated from the gate governing the channel open time, consistent with previous experiments in which intracellular trypsin removed the G protein dependence of IK(ACh) without apparently affecting the single-channel kinetics of IK(AChl (Kirsch and Brown, 1989) . We also found that the open channel probability of IG(M) was higher than that of GIRK1, suggesting that IG(M) does not contain the G protein gate that stabilizes the channel in a closed conformation in the absence of G~y.
Receptor Coupling Requires the Hydrophobic Domain of GIRK1
Although 1(3((34) gave rise to much larger current when coexpressed with G~y subunits, its G~y sensitivity appeared to be insufficient for activation following muscarinic receptor stimulation. The coexpression of G~y subunits in Xenopus oocytes, as performed in our experiments, appears to generate an excess of free G,7 subunits, even in the absence of receptor stimulation (Reuveny et al., 1994) . Stimulation of muscarinic receptors, on the other hand, may release only a small quantity of G~., subunits as compared with the level of free G,y subunits in oocytes injected with cRNA for G,., Thus, channels may be activated only if they are positioned near the muscarinic receptor-G protein complex, where they are exposed to a sufficiently high level of Gj~ subunits. The inability of IG(C4) to be activated following receptor stimulation may therefore be due to IG(C4) being not situated close enough to the receptor-G protein complex, even when IG(C4) is expressed at high levels. Alternatively, IG(C4) may associate improperly or not at all with an endogenous subunit that allows coupling with the receptor.
Unlike IG(C4), chimera iG(MC4) does functionally couple with the receptor, though the rate of activation is slower than that of GIRK1 or IG(NMC4). Thus, while the hydrophobic domain of GIRK1 appears to be required for receptor coupling, the N-terminal domain of GIRK1 may be required for bringing the channel sufficiently close to the G proteins for rapid activation and deactivation (see below). For receptor coupling to occur, the GIRK1 hydrophobic domain may interact directly or indirectly with proteins involved in compartmentalization of the channel and the receptor or with lipids that could conceivably confine the channels and the receptors within the same local domains (Pelham and Munro, 1993) .
Rapid Activation and Deactivation Require the N-Terminal Domain of GIRK1
Our analysis of the activation and deactivation rates following receptor stimulation has revealed that, whereas the hydrophobic domain (M1-H5-M2) appears to be required for receptor coupling, the N-terminal domain of GIRK1 enhances both the rate of activation and the rate of deactivation. There are several possible explanations for the observation that the rate of activation of IG(MC4) is slower than that of GIRK1, IG(NM), or IG(NMC4). The slow rate of activation could be explained by a lower affinity for G~¥. However, Huang et al. (1995) found that the C-terminal domain of GIRK1 binds with higher affinity than the Nterminal domain, suggesting that chimera IG(MC4) should have a higher affinity for G~y binding than IG(NM). Yet, IG(NM) activated more rapidly than IG(MC4). The slow rate of activation might also result from a lower channel density, so that a longer diffusion time is necessary for the activated G protein to reach the channel. This explanation seems unlikely because the level of carbachol-induced current of IG(MC4) was comparable to those of IG(NMC4) and GIRK1, yet IG(MC4) activated more slowly. Furthermore, IG(NM) activated rapidly even though the induced current was -15-fold smaller than that for GIRK1. It thus seems likely that the N-terminal domain of GIRK1 plays an active role in coordinating receptor coupling, perhaps by specifying a direct interaction of the channel with G protein and receptor. Consistent with this idea, the N-terminal domain of GIRK1 has been shown to bind Ga-GDP and possibly the trimeric G protein (Huang et al., 1995) . Thus, in addition to providing one of the G~x activation domains, the N-terminal domain of GIRK1 also plays an important role in allowing efficient receptor coupling.
Significance of Efficient Receptor Coupling via the N-Terminal Domain of Channel
Cardiac IK~ACh) channels and presumably brain G proteingated K ÷ channels activate and deactivate rapidly following receptor stimulation (Hartzell, 1980; Osterrieder et al., 1980; Nargeot et al., 1983; Breitwieser and Szabo, 1988) . The rapid rate of activation suggests that receptors, G proteins, and channels need to be within 0.35 p.m of one another for the G protein subunits to diffuse in time from the activated receptor to the channel (Hille, 1992) . The rapid rate of deactivation implies that Ga subunits must be near the channel because channel activation is terminated by G~-GDP sequestering G~y from the channel (Logothetis et al., 1987; Ito et al., 1992; Wickman et al., 1994) . Li et al. (1994) found differences in agonist sensitivity for two channels, IK{AC,~ and Ica, even though both channels are modulated by pertussis toxin-sensitive G proteins linked to m2 muscarinic receptors, suggesting the possibility that the channels, receptors, and G proteins form local compartments. Moreover, analysis of the mobility of activated G proteins in membranes has revealed that movement of G proteins is restricted around effectors in the plasma membrane (Graeser and Neubig, 1993; Kwon et al., 1994; Neubig, 1994; Neubig et al., 1994) . The mechanism by which specific channels form local compartments with G protein-linked receptors is not known. The functional implication of the N-terminal domain in the rapid activation and deactivation of GIRK1 (this study), together with the demonstration that G,, binds the N-terminal domain of GIRK1 (Huang et al., 1995) , suggests that the N-terminal domain of GIRK1 could provide a physical link with m2 receptor and G protein, as schematically depicted in Figure 6 . A direct interaction of the channel with G,, could accelerate its the exchange rate for GTP, facilitate the physical segregation of the channel, G protein, and receptor, and/or accelerate the GTP hydrolysis rate of G,,, thereby affecting the rates of activation and deactivation (see Figure 6 ).
An involvement of the N-terminal domain in the compartmentalization of channel, G protein, and receptor could potentially explain how the specificity of activation is achieved in the heart. Although activation of any G protein-coupled receptor can theoretically liberate Gf~y subunits, and therefore activate IK(AC,~, only stimulation of G~-coupled but not Gs-coupied receptors activates I K~ACh~ in the heart (Hille, 1992) . This specificity of activation cannot be explained by having different G~y subunits linked to G~ and Gs~ because I K~ACh~ is activated by all combinations of G~y subunits tested with less than 10-fold difference in sensitivity (Wickman et al., 1994) . The interaction of the N-terminal domain of GIRK1 with GQ-GDP or the trimeric proteins (Huang et al., 1995) , along with the likely involvement of the hydrophobic core domain in facilitating the compartmentalization of the channel with the receptor, could provide one mechanism for ensuring rapid activation by a specific subset of G protein-coupled receptors in a cell ( Figure 6 ). Similar to this proposed physical interaction between G protein and the GIRK1 channel, G,, subunits have been found to copurify with L-and N-type Ca 2+ channels (Hamilton et al., 1991; McEnery et al., 1994) . Thus, the specific association of an ion channel with a G proteincoupled receptor may be a general mechanism for organizing clusters of ion channels with their respective modulators.
Experimental Procedures
Molecular Biology
Mutant channels were made using standard polymerase chain reaction (PCR) and molecular cloning techniques and were verified by DNA sequencing. Based on the alignment of GIRK1 and IRK1 (Kubo et al., 1993b) , entire N-or C-terminal domain chimeras (IG(NM), IG(N), IG(C1), and IG(M)) were made using a PCR splicing technique (McPherson, 1991 ) and a 1.6 kb version of GIRKI. Chimeras IG(C2), IG(C3), and IG(C4) were made by creating silent restriction sites (amino acids 428, 389, and 325, respectively) in IG(C1) and ligating PCR fragments from IRK1. Chimeras IG(MC3), IG(NMC3), IG(MC4), and IG(NMC4) were made by subcloning. A2-31, A2-47, and A2-57 were made by oligonucleotide cassette mutagenesis (McPherson, 1991) . Xenopus oocytes were isolated as described previously (Huang et al., 1995) and injected with a 46 nl solution containing in vitro transcribed cRNA for channel alone (-0.2-8 ng) or channel with m2 receptor (-0.5 ng; from H. A. Lester) or for channel with ~1 ( -2-8 ng) and y2 ( -2-8 ng) G protein subunits. The cRNA concentration was estimated by formaldehyde gel. Channel cRNA was serially diluted to ensure that maximal expression was <4 mA. All recordings were made 3-6 days after injection because expression levels of some channels declined after 6 days.
Electrophysiology
Macroscopic currents were recorded from oocytes with two-electrode voltage clamp during constant perfusion with 90 mM KCI, 2 mM MgCI2, and 10 mM HEPES (pH 7.4 with KOH) with or without 3-10 p.M carbachol (Sigma). A small chamber (2 x 15 mm) with fast perfusion was used to measure kinetics of activation and deactivation. Singlechannel activity was recorded (List EPC-7) in cell-attached patches with 75 mM K2SO4, 15 mM KCI, 2 mM MgSO4, 10 I~M GdCI3 (to inhibit stretch activity), and 10 mM HEPES (pH 7.4 with KOH) in the pipette (extracellular) and 72.5 mM K2SO4, 15 mM KCI, 4.4 mM MgSO4, 2.5 rnM K2ATP, and 10 mM HEPES (pH 7.4 with KOH) in the bath to zero the oocyte's resting membrane potential. Current recordings were stored continuously on VCR tape (Instrutech), then transferred to disk at 2.8-5.6 kHz through an A/D converter, and digitally low pass filtered at 0.2-1 kHz (-3 dB) for analysis. Open times were measured in idealized traces, and histograms were fitted with a sum of exponentials using the maximum likelihood method (pCLAMP).
